. In (P) and (Q), [i] explants do not give rise to LH2 neurons (P) (n ϭ 7) or Isl1 neurons (Q) (n ϭ 7). In (R), roof plate (green) induces LH2 neurons (137 Ϯ 20 cells/explant; n ϭ 7). In (S), roof plate induces Isl1 neurons (11 Ϯ 4 cells/ explant; n ϭ 7). Isl1 ϩ cells do not express Isl2 (data not shown). (T and U) Position of generation of LH2 (T) and Isl1 (U) neurons as a function of distance from the roof plate. Mean Ϯ SE; n ϭ 6.
shown; Tsuchida et al., 1994) . Neither D1 nor D2 neurons were generated at ectopic dorsal positions (Figures 1H and 1I ; data not shown). These results argue against express Lim1/2, a marker of D3 neurons ( Figure 1E ; data not shown). D2 neurons are generated over the same the idea (Artinger and Bronner-Fraser, 1992 ) that the generation of dorsal commissural neurons is resistant time period as D1 neurons but initially occupy a more medial and ventral position (Figures 1B and 1C) and to notochord signals.
We next examined whether a long-range action of settle in a more ventral position (data not shown). D1 but not D2 neurons coexpress TAG1/Axonin1 (Figure notochord-derived signals normally restricts the position of generation of D1 and D2 neurons. To test this, 1D and data not shown), a marker of dorsal commissural neurons (Dodd et al., 1988; Zuellig et al., 1992) .
we removed a segment of the notochord that underlies the caudal neural plate at stage 10 and permitted emTo explore the factors that control the identity and position of differentiation of dorsal interneurons, we exbryos to develop for 72 hr. Neither the number of D1 and D2 neurons nor their position was markedly affected amined first whether their generation is influenced by the notochord, a source of signals that ventralizes the by notochord removal (Figures 1J-1M ). The effectiveness of notochord removal was established by the abneural tube (Tanabe and Jessell, 1996) . Chick notochord grafts placed adjacent to the dorsal neural tube supsence of expression of the floor plate marker, FP-1 (Figures 1N Figures 1P and 1Q ). In contrast, overlap ( Figure 2F ). These findings raise the issue of the culture of [i] explants with roof plate resulted in the fate of dorsal progenitor cells exposed to both BMPs generation of D1 neurons close to the junction with roof and Activin A. To address this, we exposed stage [i] plate ( Figures 1R and 1T ) and of D2 neurons at a more explants for 48 hr simultaneously to submaximal condistal position (Figures 1S and 1U) . Intermediate regions centrations of BMP4 and Activin A. The number of D1 of stage 20-26 quail spinal cord did not induce D1 or neurons induced was close to the sum detected in ex-D2 neurons (data not shown). These results show that plants exposed separately to each inducer ( Figure 2U ). the roof plate is a source of signals that can induce both
In contrast, the generation of D2 neurons was decreased D1 and D2 neurons. They show also that the positions by ‫%08ف‬ in comparison to explants exposed solely to at which D1 and D2 neurons are normally generated Activin A ( Figure 2V (Figures 2A and 2B ). The expression of both DSL1 potential for D2 neuron generation, it is possible that and BMP7 was also detected, but initially over a wider D2 neurons derive from dorsally located progenitors that domain of the dorsal spinal cord ( Figures 2C, and 2D ; escape early BMP signaling but are subsequently ex- Basler et al., 1993; Liem et al., 1995) . Neither BMP2 nor posed to TGF␤-related signals. To address this, stage BMP6 are expressed in the spinal cord at this stage 10 [i] explants were matured for 24 hr in the absence of (data not shown). However, Activin B is expressed by BMPs. Cells in such explants were still able to respond the roof plate and adjacent cells ( Figure 2E ). Thus, cells to Activin A with the generation of D2 neurons ( Figure  in and adjacent to the roof plate express, in nested 6O). We found in addition that cells in such explants domains ( Figure 2F ), five members of the TGF␤ superresponded to BMP exposure with the generation of D2 family over the period that D1 and D2 neurons are genas well as D1 neurons ( Figures 3B and 3C embryos, ventral to the domain of BMP gene expression Activins exhibit activities distinct from those of BMPs (see Figure 2F and Liem et al., 1995) . Cells in such exin several embryonic tissues (Smith, 1993) . The detecplants gave rise neither to D1 nor D2 neurons when tion of Activin B in and around the roof plate ( Figure 2E in determining their subsequent neuronal fate. D2 neuFollistatin binds to and inactivates Activin (Nakamura et al., 1990 ) and BMP7 (Yamashita et al., 1995) . rons may derive from progenitor cells that escape early BMP signals but are exposed subsequently to Activin
We tested first the ability of Noggin and Follistatin to inhibit the induction of D1 neurons in response to BMP4, and/or to low concentrations of BMPs.
BMP7, DSL1, and Activin. The BMP4-mediated induction of D1 neurons in stage 10 [i] explants was blocked Requirement for TGF␤-Related Proteins in the Induction of Dorsal Interneurons by Noggin but not by Follistatin ( Figure 4A ). Conversely, the BMP7-mediated induction of D1 neurons by the Roof Plate To address the requirement for TGF␤ signaling by the was blocked by Follistatin but not by Noggin ( Figure  4A ). The induction of D1 neurons by Activin was also roof plate in the generation of dorsal interneurons, we examined the effect of secreted inhibitors of BMP and blocked by Follistatin (data not shown). In contrast, the DSL1-mediated induction of D1 neurons was not Activin signaling on the inductive activity of the roof plate. Noggin exerts its activity by binding to and antagblocked by Noggin or Follistatin, alone or in combination ( Figure 4A and data not shown). Thus, the inhibitory onizing the actions of BMP4 (Zimmerman et al., 1996) . by 75%-80% in the presence of Noggin and Follistatin ( Figures 4B and 4D-4F ). The incomplete inhibition of D1 neuron generation may result from the actions of DSL1 or other BMPs that are insensitive to Noggin and Follistatin. In support of this, the induction of D1 neurons by epidermal ectoderm, which expresses BMP4 and BMP7 but not DSL1, was inhibited by 90% in the presence of Noggin and Follistatin ( Figures 4B and 4G-4I ). The induction of D2 neurons by the roof plate was inhibited by 40%-50% in the presence of Noggin and Follistatin ( Figure 4C ). The partial inhibition of D2 neurons may be a function of the low concentration threshold for induction of D2 neurons by BMPs (see Figure 3) . If this is the case, the persistence of a low level of BMP signaling in the presence of Noggin and Follistatin might still be effective in generating a significant number of D2 neurons.
These findings provide evidence that the inductive activities of the roof plate are mediated in large part by the actions of TGF␤-related proteins that are sensitive to the blocking actions of Noggin and Follistatin.
Induction of Roof Plate Cells by BMP-Mediated Signals from Epidermal Ectoderm
The evidence that TGF␤-related signals from dorsal midline cells are both sufficient and required for the generation of distinct classes of dorsal interneurons prompted us to examine how the differentiation of roof plate cells themselves is controlled. Cells at the dorsal midline of the neural tube that give rise to the roof plate express the bZIP transcription factor MAFB (Cordes and Barsh, 1994; Kataoka et al., 1994; Eichmann et al., 1997) and PAX7 (Figure 5A ), and expression of MAFB persists in the roof plate until at least stage 26 (data not shown).
To test whether dorsal midline cells are induced by also induced by BMP4 and BMP7 ( Figures 5D and 5E ). line cells ( Figure 5F ) and appears to be involved in roof whether signals from the epidermal ectoderm are also sufficient to induce BMP4. In these experiments, rat epidermal ectoderm and chick BMP4-specific primers were used since the chick ectoderm itself expresses actions of Follistatin and Noggin appear selective for BMP4 . In stage 10 [i] explants cultured specific members of the BMP family.
alone for 24 hr, a low level of BMP4 was detected ( Figure  We 
BMP4 in dorsal but not in intermediate or ventral regions
generate D1 neurons when conjugated with epidermal ectoderm ( Figure 4H ). Thus, the failure to generate D1 ( Figure 5G, lanes 6-8) , indicating that the differentiation of dorsal midline cells is underway prior to neural tube neurons at stages soon after neural tube closure appears not to result from a low BMP concentration in the closure. These results provide evidence that a BMPmediated signal from the epidermal ectoderm can inepidermal ectoderm. We therefore examined whether the distinct phases duce roof plate cells.
of neural crest and dorsal interneuron generation might be controlled by a temporal change in the response of
A Change in Competence of Neural Cells Controls the Timing of Neural Crest and Dorsal Interneuron neural progenitor cells to BMPs. To test this, we exposed stage 10 [i] explants to a fixed concentration of BMP4 Generation in Response to TGF␤-Related Signals
The differentiation of neural crest cells can be induced for a 24 hr period, either from 0 hr to 24 hr or from 24 hr to 48 hr, and analyzed the differentiation of neural by BMPs present in the epidermal ectoderm . However, the onset of neural crest cell difcrest cells and D1 neurons. Exposure of [i] explants to BMP4 from 0 hr to 24 hr induced premigratory (Slug ϩ ) ferentiation occurs shortly after neural tube closure, whereas D1 and D2 neuron generation occurs later and and migratory (HNK1 ϩ ) neural crest cells but not D1 neurons ( Figures 6A-6D ). In contrast, [i] explants grown persists after neural crest cell generation has ceased (Newgreen and Erickson, 1986). These observations alone for the first 24 hr and then exposed to BMP4, from 24 hr to 48 hr, generated D1 and D2 neurons but not pose the question of why early dorsal progenitors respond to ectodermally derived BMPs with the generaneural crest cells ( Figures 6E-6H 
Requirement for BMPs in the Induction of Neural Crest and Roof Plate Cells by Epidermal Ectoderm
In avian embryos, BMP4 and BMP7 are the only two BMPs known to be expressed by the epidermal ectoderm , but their requirement in the induction of neural crest or roof plate cells has not been established. We therefore tested whether the ability of epidermal ectoderm to induce neural crest and roof plate cells can be blocked by Noggin and Follistatin. The induction of HNK1 neural crest cells and MAFB/PAX7 roof plate cells ( Figures  7B and 7F-7H ) by epidermal ectoderm was inhibited by 80%-90% in the presence of concentrations of Noggin and Follistatin that inhibit the actions of BMP4 and BMP7 ( Figure 7A and data not shown). The extent of inhibition of neural crest and roof plate cell generation was much less when conjugates were grown with either Noggin or Follistatin alone (data not shown). These results provide direct evidence that BMP signaling from the epidermal ectoderm initiates the induction of neural crest and roof plate cells. reference to the contribution of epidermal ectoderm and is not detected in E11 rat epidermal ectoderm (ect). BMP4 is deroof plate signaling to dorsal patterning, the requirement tected in chick epidermal ectoderm (data not shown). Lane 2: [i] for TGF␤-related signals in these processes, and the explants express low levels of BMP4 when grown for 24 hr. Lane contrasting strategies used to pattern cell types in the Previous studies have shown that two BMPs expressed by the epidermal ectoderm, BMP4 and BMP7, mimic its ability to induce neural crest cells . The present findings extend these observation in two generated (data not shown). Thus, neural plate cells exposed at early stages to TGF␤-related signals are able ways. First, the BMP antagonists Noggin and Follistatin inhibit, almost completely, the ability of the epidermal to generate neural crest cells but lose this capacity with time while acquiring or maintaining the capacity to genectoderm to induce neural crest cells. This result provides strong evidence that BMPs mediate the inductive erate D1 and D2 neurons. Stage 10 [i] explants that had been matured alone in vitro for 24 hr before exposure activity of the epidermal ectoderm in the chick. Since Noggin and Follistatin may antagonize the actions of to BMP4 generated only ‫%02ف‬ of the number of MAFB/ PAX7 cells (data not shown), suggesting that early exposeveral BMPs (Yamashita et al., 1995; Zimmerman et al. 1996) , our results do not establish the specific contribusure to BMPs is also required to initiate the differentiation of roof plate cells. These findings suggest that the tions of BMP4 and BMP7. Nevertheless, other BMPs are not detected in the chick epidermal ectoderm (Liem distinct periods of generation of neural crest and roof plate cells and dorsal interneurons may be controlled, et al., 1995) , and thus, BMP4 and BMP7 are the strongest candidates as mediators of ectodermal signaling. at least in part, by a temporal switch in the response of neural cells to TGF␤-related signals.
In mouse, the epidermal ectoderm expresses BMP2, BMP4, and BMP7 (Lyons et al., 1995; Arkell and Bed-(Nieto et al., 1994) and is expressed transiently (Nieto dington, 1997; Robertson, 1997), but gene et al., 1994; Liem et al., 1995) . The extinction of Slug targeting studies have not yet provided evidence for the expression from dorsal midline cells could contribute to involvement of BMPs in dorsal inductive signaling in the the loss of potential of cells to generate neural crest spinal cord. Mice lacking BMP2 or BMP4 die during with the consequence that MAFB cells remain at the gastrulation (Winnier et al., 1995; Zhang and Bradley, dorsal midline of the neural tube and acquire roof plate 1996) , and this early lethality has precluded an analysis identity. of dorsal patterning in these mutants. Null mutations in BMP7 lead to defects in eye development (Dudley et al., 1995; Luo et al., 1995) , which may result from the Requirement for TGF␤-Related Signals loss of BMP7 in diencephalic level epidermal ectoderm.
from the Roof Plate in Dorsal Defects in neural crest cell generation and dorsal patInterneuron Generation terning in the spinal cord have not been reported in
The differentiation of roof plate cells is accompanied by BMP7 null mice (Dudley et al., 1995; Luo et al., 1995) , the expression of several members of the BMP family which may reflect the residual activities of BMP2 and/ and of Activin B. Three lines of evidence indicate that or BMP4 (Dudley and Robertson, 1997) .
the roof plate serves as a secondary source of TGF␤-Our results show also that BMP-mediated signals related signals involved in dorsal interneuron generafrom the epidermal ectoderm are required for the induction. First, signals from the roof plate are sufficient to tion of dorsal midline cells in the neural tube. At early induce both D1 and D2 neurons. Second, TGF␤-related stages of neural tube development, markers that define signals mimic the ability of the roof plate to induce these the roof plate (MAFB) and neural crest (Slug) are coextwo classes of neurons. Third, the blockade of TGF␤-pressed by cells at the dorsal midline (our unpublished like signals from the roof plate markedly inhibits the data). It is likely that roof plate cells and neural crest differentiation of D1 and, to a lesser degree, D2 neurons. cells are generated from a common progenitor cell that Our results do not exclude that a component of the occupies the dorsal midline of the neural tube. In support inductive activity of the roof plate could be mediated of this, lineage tracing studies in chick (Bronner-Fraser by factors other than TGF␤-related proteins. and Fraser, 1988) and mice (Echelard et al., 1994) have Nevertheless, taken together with the demonstration provided evidence that cells at the dorsal midline of the of a requirement for BMPs in the induction of neural neural tube can give rise both to neural crest and roof crest and roof plate cells, our results indicate that the plate cells.
generation of the diverse cell types found in the dorsal It remains unclear how the distinct identities of roof half of the neural tube and spinal cord depends in large plate and neural crest cells are established. Temporal part on TGF␤-related signals. These inductive interacchanges in gene expression by dorsal midline cells tions appear to involve a cascade of TGF␤-mediated might contribute to this distinction. The transcription signals initiated by the epidermal ectoderm and propafactor Slug has been suggested to promote the emigration of neural crest cells from the dorsal neural tube gated by roof plate cells. The relative contributions of to BMPs at an early stage of neural tube development are able subsequently to generate D1 neurons but are inhibited from generating D2 neurons. Since BMP signaling emanates from cells in and around the roof plate, this finding suggests that the more dorsally located a progenitor cell, the earlier and more prolonged will be its exposure to BMPs and the greater the probability that it will generate a D1 neuron. How then are D2 neurons induced? Our results show that dorsal progenitor cells that escape early exposure to BMPs can respond later to BMPs with the generation of D2 neurons. Indeed, under these conditions, cells exposed to low BMP concentrations generate D2 but not D1 neurons. The nested patterns of BMP gene expression in vivo suggest the existence of a dorsal-toventral gradient of BMP activity in the dorsal spinal cord. Such a gradient would be expected to lead to the generation of D1 neurons dorsally and D2 neurons more ventrally. By analogy with BMP signaling in other systems, a gradient of BMP activity could be established by a relay mechanism that uses short-range BMP signaling to induce other BMP genes (Reilly and Melton, 1996) and/or by a longer-range diffusion of BMP proteins (Gur- Jones et al., 1996; Lecuit et al., 1996;  Crest and Roof Plate Cells by Epidermal Ectoderm Nellen et al., 1996) . pears to be greater than that of BMPs (Jones et al., 1996) . Thus, a domain of Activin B activity broader than epidermal ectoderm and roof plate signaling to the genthat of BMPs may also contribute to the generation of eration of specific dorsal cell types in vivo remain un-D2 neurons at a position ventral to that of D1 neurons. clear. However, the timing of gene expression and cell Spatial and temporal controls on the expression of redifferentiation suggests that ectodermal signals direct ceptors of the TGF␤ family and of SMADs or other medineural crest and roof plate cell fates and that roof plate ators of TGF␤ signaling (Massague, 1996) One determinant of the distinct periods of neural crest The present results indicate that there are differences in the strategies by which cell fate and pattern are reguand dorsal interneuron generation appears to be a temporal switch in the response of neural progenitor cells lated in the dorsal and ventral halves of the neural tube. First, ventral patterning in higher vertebrates is regulated to TGF␤-related signals. At early stages of development, neural cells respond to BMPs with the generation of by the activities of a single Hedgehog protein, Shh (Tanabe and Jessell, 1996) . In contrast, dorsal patterning neural crest cells but not of dorsal interneurons, whereas at later stages the same BMP signal elicits the generaappears to involve multiple members of the TGF␤ family.
Second, Shh appears to control ventral cell fate and tion of dorsal interneurons but not of neural crest cells. This temporal switch might therefore contribute to the pattern primarily through its ability to induce distinct cell types at different concentration thresholds (Roelink et early onset and transience of neural crest cell generation (Newgreen and Erickson, 1986) and the later onset and al., 1995; Ericson et al., 1996 Ericson et al., , 1997 . In contrast, qualitative differences in the activities of members of different prolonged duration of dorsal interneuron generation (Oppenheim et al., 1988) observed in vivo.
subclasses of the TGF␤ family appear to contribute to the control of cell type and pattern in the dorsal neural The identity and position at which D1 and D2 neurons are generated appear to depend in part on the time at tube. Third, a temporal change in the response of neural cells to BMPs appears to contribute to the diversification which neural cells are exposed to BMPs. Cells exposed MAb HNK1 recognizes neural crest cells (Tucker et al., 1984) . MAb of dorsal cell types, whereas the competence for the FP1 recognizes floor plate cells (Yamada et al., 1991). generation of distinct ventral cell types in response to Shh is lost synchronously .
